The present study deals with the effect of denervation of the cat's sweat glands on their responsiveness to adrenaline, nicotine and mecholyl (acetyl-beta-methylcholine).
EXPERIMENTAL Methods
Observations were made on unanaesthetized cats with unpigmented hairless pads of the hind feet. Forty-nine cats of both sexes were used. The body weight of the animals ranged from 1.1 to 4.0 kg, except one weighing 0.3 kg. Before using them, it was ascertained that large number of the sweat glands of the pads of these animals retained well the ability to sweat spontaneously. In order to exclude sweating of central origin, a segment of the sciatic nerve about 2 to 3 cm in length was excised at the level of the great trochanter under ether anaes thesia. In the majority of the cats used, this operation was performed asepti-and K. Hatanaka cally on both sides at one or two sittings. Sweating was visualized as black sweat spots at the pores of active sweat glands by the iodine-starch method of Wada and Takagaki,32) as illustrated in Fig. 1 . The pads to be tested were painted first with a 3% iodine-absolute alcohol solution. Then, the area was coated with a 50% emulsion of corn starch in castor oil. The sweat response produced by test agents was observed with a magnifying lens (x 16). When required, the duration of the sweat response was determined by repetition of wiping the sweat spots with cotton pledgets and subsequently painting the test area with the reagents for visualizing sweating, at intervals of 5-10 minutes after injection. The duration was approximately expressed by the interval between the time of the appearance of the response and that of the final application of the reagents which was made before the dis appearance of the response.
In a first series of experiments the responsiveness of the sweat glands to local injections of adrenaline, nicotine and mecholyl was studied by measuring minimum effective concentrations of these test agents for eliciting sweating.
The whole body of the animal except the head and the hind foot or feet to be tested was put into a bag made of strong cotton cloth, and held by an as sistant in a posture convenient for observation. The hairs around the hairless pads were cut as short as possible and the pads were cleaned with a toothbrush and soap-water. Unduly strong rubbing of the pads induced occasionally sweating per se. Therefore, about 1 to 3 hours were allowed to elapse before the actual experiment.
The solutions of each test agent were prepared in 0.9% NaCl solution in graded concentrations, and usually 0.05 ml, occasionally 0.1 ml, of each solution was injected subcutaneously into the pads usually from the front with a syringe with a hypodermic needle, the same amount of 0.9% NaCl solution being in jected as a control. Usually, the same solution was tested at the same time on any one of the toe-pads and on the central pad (mid pad) of one hind paw. The experiments were repeated at intervals of 1, 2 or 3 days for one month or more after the sciatic nerve section.
In addition, the effects of dihydroergotamine, atropine and procaine on the sweat response to adrenaline and those of procaine on the responses to nicotine and mecholyl were studied. Further, an attempt was made to discriminate the sweat response to direct action of nicotine from the response to its axon reflex provoking action, by using the band method which was described in a previous paper (Wada, Nakamura, Hatanaka and Aoki31)).
In another series of experiments, adrenaline was injected into the femoral artery or vein, instead of being applied to the pads. The preparation of the blood vessel was made at the time of the sciatic nerve operation ; a loop of silk thread was placed conveniently around the exposed vessel to make injection and left there during the whole period for which observations were continued. About I to 2 hours after the sciatic nerve section, adrenaline solution in 10-3 or 10-4 was injected directly into the blood vessel with a syringe with a very small hypo dermic needle. Control injections were made with 0.9% NaCl solution. At the time of injection, the hind limb of the side to be injected was exposed from the bag into which the animal had been put in the manner described above.
The magnitude of responses of the foot-pads of both hind feet to adrenaline thus systemically injected was evaluated by counting the number of sweat spots which appeared on each pad and by determining the duration of the response 'b y the procedure described above. The following drugs were used : 1-adrenaline hydrochloride (Sankyo), nicotine (Merck), mecholyl chloride (Merck), procaine hydrochloride (J.P.), dihydroergotoamine methanesulphonate (Sandoz) and atropine sulphate (J.P.).
It may be mentioned that the first series of experiments were carried out by one of us (N.). The tests with each agents were alternately carried out at intervals of 1, 2 or 3 days after the sciatic nerve section.
In 8 of these cats, 13 to 32 days were allowed to elapse between the nerve operations of both sides, and in the other 3 cats the nerve section of both sides was performed at one sitting. Ob servations were continued for 36 to 54 days in these 11 cats after the nerve section of each side.
In another cat nicotine alone was tested on the hind paw of one side until the 15th day after the sciatic nerve section.
In young cats the magnitude of the sweat response to local injections of the same effective concentrations of adrenaline was almost the same for all foot-pads of any one hind foot. In some older cats the response on the middle part of the central pad as well as the inner and outer toe-pads was more evident than that on two mid toe-pads. This difference seemed to be due to the cornification of the pads. In such cases, the minimum effective concentrations of adrenaline were measured mainly on these three pads. The effect of adrenaline on each toe-pads was checked by comparison with that on the middle part of the central pad of the same paw.
The minimum effective concentrations of adrenaline which were determined on the first day of denervation varied in different individuals, but were usually almost identical on both hind feet of the same individuals in which both sciatic nerves had been sectioned at one sitting. The threshold concentrations of adrenaline measured some hours after denerva tion were 10-11 to 10-5. With these concentrations, the sweat spots became visible within 1 to 5 minutes after local injection of 0.05 ml of adrenaline solutions and were counted as 10 to 17 in number. In all of the animals tested the effects of denervation on the sweat glands were found to be consistent. The section of the sciatic nerve on one side was followed by an increased sensitivity of the glands of the homolateral side to adrenaline, as illustrated in Fig. 2 . Usually the responsiveness to adrenaline reached its maximum on the 6th to 11th day after operation : the threshold con centrations were lowered to 10-13 to 10-9. However, in 2 cats the maximum in the sensitivity was exhibited as early as 2 days after operation. The threshold concentrations were lowered usually to 11100 to 1/100,000, but rarely to 1/10 of those on the first day of denervation. The period of the hypersensitivity varied from animal to animal, but about 2 to 3 weeks after operation it was replaced by the period of decreased sensitivity. About Fig. 2 . Changes in the responsiveness of the cat's sweat glands to adrenaline injected subcutaneously into the foot-pads after denervation.
•~ : no response. In the three cats in which the sciatic nerves of both sides had been excised at the same time, the changes in the minimum effective concen trations of adrenaline ran a parallel course and were almost equal for the foot-pads of both sides. In other 8 cats in which 13 to 32 days were allowed to elapse between the nerve operations of both sides, the usual supersensitivity was produced on the recently denervated side, while the sensitivity of the glands of the early denervated side was more or less reduced. During the period of the supersensitivity, a sweat response was produced sometimes even by local injections of 0.9% NaCl solution. But it was discriminated from the response elicited by effective concentrations of adrenaline in its small extent and short duration. The sweat response to the minimum effective concentrations of adrenaline continued for 20-40 minutes in most cases and rarely for 50-60 minutes during the period of supersensitivity.
Further, the effects on the sweat response to adrenaline of dihydro-230 Y. Nakamura and K. Hatanaka ergotamine and atropine were studied in 3 cats and that of procaine in other 5 cats over the period of 2-42 days after denervation. Dihydro ergotamine was tested at concentrations of 10-5 and 10-4, and atropine at 10-7, 10-6 and 10-5. Injections of adrenaline in the threshold concentrations and in ten or one hundred times higher concentrations were made into the foot-pads in mixture with dihydroergotamine or atropine. The results obtained were consistent. The sweat responses to the above described concentrations of adrenaline were abolished by 10-4 dihydroergotamine in all tests. With 10-5 dihydroergotamine, the sweating by adrenaline was usually totally, but rarely incompletely inhibited. In contrast, atropine had no inhibitory effect on the sweat response to adrenaline. Procaine in 10-3 was tested in the similar manner, but it did not interfere with the adrenaline sweating. From these results, it is certain that the sweat re sponses to the locally applied adrenaline were elicited by its direct action on the denervated sweat glands.
The changes in the responsiveness of the denervated glands to nicotine were quite analogous to those observed with adrenaline. The threshold concentrations of nicotine determined on the first day of the sciatic nerve section were 10-11 to 10-5. The supersensitivity to nicotine developed after the denervation ; the threshold concentrations reached their lowest level such as 10-13 to 10-9 on the 6th to 14th day after operation, as illustrated in Fig. 3 . The rates of the lowering of the threshold concentrations were Fig. 3 . Changes in the responsiveness of the cat's sweat glands to nicotine injected subcutaneously into the foot-pads after denervation.
•~ : no response.
approximately identical to those found with adrenaline. The period of the supersensitivity was usually replaced by the period of the hyposensi tivity within two weeks after operation. The decrease in the responsiveness to nicotine was found to be very considerable about 1 to 1-1 month after denervation : the threshold concentrations were 10-4 to 10-2 in most of the test animals.
In some animals, the sweat response was no longer ob tained even with 10-2 nicotine during this period. Sometimes a secondary increase in the response appeared concurrently with the regeneration of the sciatic nerve.
In a previous paper (Wada et al.31)), it was described that in the cat nicotine provokes sweat response by two different mechanisms , that is, by acting directly on the sweat glands and by axon reflex. The response by the latter mechanism differs from that by the direct action of nicotine in that it is elicited by relatively high concentrations of nicotine such as 10-5 and 10-4 on the first day of denervation and progressively reduced by degeneration of the postganglionic sympathetic nerve. In the present experiments the observations were repeated with the band method on 3 cats. In these animals the sciatic nerves of both sides were sectioned at an interval of 5-17 days. On the first day of denervation, the concentra tions of 10-5 to 10-3 of nictoine were all effective in eliciting the axon reflex sweating : the sweat response spread beyond the band applied transversely to the toe-pad with strong tension to the uninjected side, in spite of the fact that diffusion of the nicotine injected to the side distal to the band was prevented by the band. The axon reflex response was no longer obtained on the 5th to 8th day after denervation. Thus, these results are in good agreement with our previous observations on the axon reflex sweating by nicotine. In contrast, the sweat response produced by direct action of nicotine was still found to be confined to the injected side of nicotine after abolition of the axon reflex ; nicotine in 10-7 to 10-3 was still effective on the 8th to 33rd day after denervation.
It was found that in the cat's toe-pads procaine in 10-3 was sufficient to block totally the axon reflex sweat response to potassium cyanide (Wada, Aoki and Koyama29)) and to local faradic stimulation (Hanawoka9)), by acting on the receptors responsible. This concentration of procaine is also sufficient to abolish the axon reflex sweating produced by nicotine in 10-5 to 10-4 in the human skin by acting on the receptors (Wada, Arai, Taka gaki and Nakagawa30) ; Wada28)). Therefore, this concentration of pro caine was tested for the effect on the sweating produced by direct action of nicotine in 4 cats over a period of 18 to 23 days after the sciatic nerve section. But the responses to nicotine in the threshold concentrations and in ten or one hundred times higher concentrations were not interfered with by procaine in all tests.
Further, the effect of denervation on the responsiveness to mecholyl and K. Hatanaka was studied on the hind paws of both sides in 4 cats and on that of one side in 3 cats. The increase in the sensitivity of the glands following the denervation was obtained also from the tests with mecholyl, as presented in Fig. 4 . Fig. 4 . Changes in the responsiveness of the cat's sweat glands to mecholyl injected subcutaneously into the foot-pads after denervation.
The threshold concentrations of mecholyl were lowered to 10-13 to 10-12, rarely to 10-15, on the 6th to 8th day after denervation, in contrast to 10-11 to 10-8 on the first day : the threshold concentrations decreased to 1/100 to 1/1,000,000 of those on the first day of operation.
About one month after denervation the responsiveness to mecholyl was found to be more or less reduced, as compared with that on the first day, but some paws exhibited no reduction of the responsiveness : the minimum effective con centrations were 10-11 to 10-6. 
Effect of denervation on the responsiveness of the cat's sweat glands to adrenaline systemically applied
The experiments in this series were carried out on 10 unanaesthetized cats with both sciatic nerves sectioned at one sitting. In 5 cats, 0.2 ml of 10-3 adrenaline (0.07-0.09 mg per kg of body weight) was injected directly into the femoral vein. On the first day after denervation , no sweat re sponse was produced by this dose of adrenaline in 3 of the 5 cats . In the other 2 cats, the injections of adrenaline caused a definite but slight response on the first day. In general, the magnitude of the response , namely, the number of sweat spots and duration of the sweating varied from pad to pad. In some toe-pads sweat spots were scarcely perceptible. When the response was produced to a small extent in the central pad , it was localized usually to its middle part only. The response became more evident on the 3rd day and its magnitude reached a maximum in all footpads on the 8th or 10th day after denervation. Not rarely, the sweat spots counted over 100 on one toe-pad and over 350 on one central pad involving its two side eminences.
A similar increase in the response was observed in the other 5 cats in which 0.1 ml of 10-4 or 10-3 adrenaline (0.003-0.06 mg per kg of body weight) was injected into the femoral artery of one side. In all of these animals the sweating occurred in 1 to 3 foot-pads of the injected side alone on the first day of the sciatic nerve section. This response ceased usually within 10 to 20 minutes after injection. On the 4th or 6th day, the re sponse began to extend not only over all foot-pads of the injected side, but also over some of the pads of the uninjected side. The maximum increase in the magnitude of the response was found by the tests performed on the 8th day after operation. Usually the response on the injected side was more remarkable than that on the uninjected side. In one case the re sponse persisted for about two hours on the paws of both sides.
After reaching its maximum, the magnitude of the response to adre naline decreased progressively, and sweating was no longer produced by the same doses of adrenaline on the 17th to 22nd day after denervation in four animals tested with the intravenous adrenaline, and on the 15th to 22nd day in three animals tested with the intra-arterial adrenaline. However, even in this period, the denervated sweat glands responded well when the doses of adrenaline were increased.
In this series of experiments, it was difficult to evaluate precisely the changes in the responsiveness of the denervated sweat glands to adrenaline, but the period of the supersensitivity of the denervated glands could be judged to be approximately 10-17 days following the denervation. This is fairly in harmony with the results obtained from the preceding series of experiments with local injection of adrenaline. Therefore, this exaggera tion of the response to adrenaline applied systemically may be due to the increased responsiveness of the sweat glands themselves. Further, this period of the exaggeration of the response to the systemic administration of adrenaline is almost identical with that of the increased response to pilocarpine which was described by Burn.'
It may be noted that there and K. Hatanaka was no relation between the changes in the magnitude of the responses and those in the body weight of animals during the whole period of ob servations.
DISCUSSION
The present results indicate that the minimum effective concentra tions of adrenaline, nicotine and mecholyl for eliciting the sweat response in the foot-pads of cats were lowered early and raised late after denervation of the sweat glands by section of the peripheral nerve. This finding is in keeping with the increased response to pilocarpine which was occasionally observed in cats by Burn1) with ocular inspection, and by Simeone, Mentha and Rodrigues,25) using the electrical skin resistance method. The supersensitivity persisted usually for 2 to 3 weeks. This evidence is compatible with Cannon's law of denervation. Burn1),2) applied pilocarpine subcu taneously to the flank for testing the effect of degenerative section of the sympathetic nerve on the sweat response in the foot-pads, and explained the increased response to pilocarpine as being due to the removal of the sympathetic control of the blood vessels. This explanation may be applied also to the results obtained by Simeone et al.25) in the experiments with intravenous injection of pilocarpine. The experiments of Burn2) on some kittens, however, suggested that the denervated glands themselves became supersensitive to pilocarpine. The possibility that circulatory changes after denervation influence the sweat response of the denervated sweat glands was reduced in the present experiments to a minimum by local injection of the test agents to the foot-pads. Therefore, the results ob tained may be due largely, though not solely, to the changes in the excitability of the denervated glands themselves.
In the present experiments, the early increase in the responsiveness is more outstanding than the late decrease at least during the observation period of one month and a half. The maximum of the supersensitivity to all adrenaline, nicotine and mecholyl was observed usually on the 6th to 11th day after denervation. Similar findings on the development of the supersensitivity to adrenaline have been reported on the cat's eye (6th to 10th day, by Sugawara26)) and on the cat's nictitating membrane (7th to 10th day, by Hampel8)) after deprivation of the postganglionic sympathetic nerve supply. Therefore, it seems to us that there is no essential difference in the development of supersensitivity between the sympathetic cholinergic system and sympathetic adrenergic system. Further, it must be noted that there was no specificity of the sensitization of the denervated sweat glands to stimulating agents, in so far as it was studied with adrenaline, nicotine and mecholyl.
The decrease in the responsiveness to the test agents which occurs after the period of the supersensitivity would be analogous to that which develops early after denervation in the human sweat glands . Denervation of the human sweat glands by postganglionic sympathectomy or by the peripheral nerve section produces decrease, instead of increase, in their sensitivity to acetylcholine (Rothman and Coon23) ; Kahn and Rothman13); Janowitz and Grossman11); Chalmers and Keele4)), to mecholyl (Kahn and Rothmanls13) ; Randall21)), to pilocarpine (Coon and Rothmans5) ; Kahn and Rothman13) ; Janowitz and Grossman11)) and to adrenaline (Janowitz and Grossman12) ; Takagaki, Goto and Mishina, personal com munication), when tested with intradermal injections . In a previous paper (Wada et al.31) ), it was demonstrated that nicotine elicits the sweat response in the foot-pads of the cat by its direct action on the sweat glands and by an axon reflex. This was confirmed by the present experiments. The axon reflex sweating by nicotine is abolished within about a week after sympathetic ganglionectomy or after section of the peripheral nerve, whereas the sensitivity of denervated sweat glands to the direct action of nicotine increases to a maximum at the end of about a week, as described above. This provides a strong support for the view that the axon reflex sweat response depends on the integrity of the sympathetic sweat nerve fibres.
Beginning with the work of Diedene6) in 1916, a number of investigators, using ocular inspection for detecting sweat secretion, have failed to obtain any definite evidence of the stimulating action of adrenaline on the cat's sweat glands (Langley15) ; Langley and Uyeno16) ; Schilf and Mandur24) ; Peserico and Stella20) ; Burn2) ; and Kure, Okinaka, Maeda and Kato14)). On the contrary, Frohlich and Zak,7) using the method of Jurgensen, found that adrenaline injected subcutaneously or locally to the pads of the hind paw elicited sweat response even after section of the sciatic nerve ; but this response was not abolished by ergotamine. In the same year, Hara10) reported that the skin galvanic reaction attributable to sweat secretion was produced by systemic administration of adrenaline in the hind paw which had been denervated by section of the sciatic nerve. Coon and Rothman occasionally observed minimal, but not regularly reproducible, sweating on the cat's foot-pads after intradermal injection of adrenaline (Rothman22)). However, these findings seem insufficient to dispel the general belief that adrenaline is devoid of a stimulating action on the cat's sweat glands. Cont rary to this belief, the present experiments demonstrated that adrenaline, injected locally or systemically, elicits the sweat response in the foot-pads of the cat which is abolished by dihydroergotamine, but not by atropine. SUMMARY 1. The effects of denervation of the cat's sweat glands on their re sponsiveness to adrenaline, nicotine and mecholyl were studied by measuring the minimum effective concentrations of these agents for eliciting the sweat responses when injected subcutaneously into the foot-pads.
2. The sensitivity of the sweat glands to all these test agents was increased by denervation, its maximum being reached at the end of about a week after denervation.
The supersensitivity persisted usually for about 2 to 3 weeks, after which the sensitivity diminished more or less progressively. In general, the supersensitivity was a more regular and more certain effect of the denervation than the hyposensitivity at least for the observa tion period of about one month and a half after denervation. 4. The sweat responses to intravenous and intra-arterial injections of adrenaline were exaggerated for a certain period following the denerva tion. This may be explained as being due to the increased sensitivity to adrenaline of the denervated sweat glands themselves.
